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A)  Introduction 

g  A  subject  of  great  Interest  In  recent  years  has  been  the  study  of  the  physics 
of  weakly  bound  van  der  Waals  clusters.  These  species  have  been  probed  In  a 
variety  of  ways  to  gain  an  understanding  of  their  formation  and  to  determine 
their  various  physical  properties.  However,  the  study  of  chemical  reactions 
within  clusters  Is  especially  Intriguing  since  clusters  can  conceptually  bridge 
the  disparate  fields  of  blmolecular  gas-phase  reaction  dynamics  and  solution 
chemistry.  The  ultimate  goal  of  these  studies  Is  to  obtain  an  understanding  of 
the  factors  that  govern  reactions  in  solution  but  which  are  absent  in  gas  phase 
processes.  By  concentrating  on  the  chemistry  within  these  cluster  systems  It  Is 
possible  to  directly  observe  how  the  behavior  of  the  system  changes  as  a 
function  of  stepwise  solvation.  , 

Most  of  the  recent  work  In  fills  area  consists  of  utilizing  a  neutral  cluster  as 
one  of  the  reagents  for  a  blmolecular  reaction1*8  with  the  product  cluster  ion 
being  directly  detected  via  conventional  mass  spectrometric  techniques.  Apart 
from  the  observation  of  protonated  clusters  {i.e.,  (H20)nH+,9  (NH3)nH+, 10,11 
(CH3COCH3)nH+,12  (CH3OH)nH+,13  (CH3OCH3)nH+,13  and  a  few  heterocluster 
ions  such  as  [(R0H)n(H20)mlH+14,15  and  ((CH30H)n(H20)m]H+,16}  there  are 
few  reported  cases  of  chemical  reactions  taking  place  within  the  cluster  ion 
itself.12-16*20  Yet  It  has  been  known  that  electron  Impact  Ionization  of  clusters 
leads  to  Ions  that  closely  resemble  many  of  the  intermediates  found  in 
blmolecular  ion-molecule  reactions.21-22 

V  In  addition  to  the  typical  unlmolecular  and  blmolecular  gas-phase  chemistry 
already  studied  within  clusters,  our  group  has  recently  observed  the  generation 
of  new  cluster  product  ions  which  cannot  be  explained  by  either  of  these  two 
known  processes.  That  is,  we  observe  product  ion  formation  that  has  absolutely 
no  counterpart  with  gas-phase  blmolecular  reactions  and  which  only  occurs 
within  a  van  der  Waals  cluster23.  These  new  processes,  which  we  have  begun  to 
document  in  the  past  three  years  at  the  University  at  Buffalo,  include  the 
generation  of  (C2H4*2)ni4H+  ions  from  1 , 1  -dlfiuoroethane  clusters24,  the 
generation  of  (CH30CH3)nH30+  &  (CH3OCH3)nCH3OH2+  ions  from  dimethyl 
ether  clusters25-26,  the  generation  of  (NH3)nN2H5+  ions  from  ammonia  . 
dusters27  and  the  photogeneration  of  MoO+  and  Mo02+  ions  from  van  der 
Waals  dusters  of  molybdenum  hexacarbonyl28.  The  observation  of  these  new 
chemical  processes  which  occur  only  within  a  duster  is  particularly  exciting  for 
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chemists  In  that  we  may  now  utilize  clusters  as  a  novel  reaction  medium  In 
which  to  produce  new  molecules  that  could  not  be  produced  be  any  other 
means. 

Thus,  while  the  study  of  reactive  processes  In  clusters  may  be  utilized  as  a 
bridge  between  the  gas-phase  "blmolecular"  and  the  "solvated  multlmolecular" 
world  of  chemical  reactions  in  condensed  phases,  we  feel  that  this  bridge  has  in 
fact  turned  into  a  crossroads.  That  Is,  we  have  demonstrated  new  chemical 
reactions  and  unexpected  dynamics  which  can  occur  only  within  the  solvating 
environment  of  a  cluster,  either  through:  1 )  stabilization  of  an  unstable  reagent 
via  solvation,  2)  providing  new  chemical  pathways  or  3)  stabilization  of  an 
unstable  Intermediate  via  solvation.  In  this  paper  we  will  present  illustrative 
examples  of  these  three  types  of  cluster  chemistry. 
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B)  Experimental  Section 

The  majority  of  our  experiments  consist  of  generating  a  beam  of  neutral  van 
der  Waals  clusters  and  then,  by  electron  impact,  performing  mass  spectroscopy 
on  the  ion  cluster  species  generated  within  the  molecular  beam.  Though  the 
cation  within  the  cluster  is  rapidly  generated  (-10'^  s),  it  takes  microseconds 
before  the  generated  cluster  ion  is  mass  selected  by  the  quadrupole  filter.  On 
such  a  lengthy  time  scale  the  cation  within  the  cluster  may  rid  itself  of  its 
excess  energy  either  by  fragmentation,  evaporation  of  neutral  monomers  or  the 
solvated  cation  may  chemically  react  with  one  (or  more!)  of  the  solvating 
neutrals.  In  any  case,  a  new  product  cluster  ion  has  been  generated,  which  is 
then  detected  via  mass  spectroscopy. 

One  may  therefore  visualize  the  electron  Impact  ionizer  of  our  mass 
spectrometer  as  a  'reaction  cell'  in  which  the  precursor  cluster  ion  is  generated 
and  allowed  to  'incubate'  for  microseconds.  After  this  time  period,  the  newly 
generated  product  cluster  ions  are  subsequently  analyzed  via  mass 
spectroscopy.  By  observing  the  distribution  of  product  cluster  ions  in  the  mass 
spectra,  we  can  deduce  the  lon-molecule  chemistry  which  has  occurred  within 
the  bulk  cluster,  and  see  how  this  chemistry  changes  as  a  function  of  cluster 
size. 

Our  molecular  beam  apparatus  consists  of  a  Campargue-type  beam  source 
which  has  been  described  previously29.  The  cluster  beam  is  generated  from  a 
neat  expansion  through  a  250  urn  orifice.  The  mass  spectrometer  is  an  Extrel  C- 
50  (200  W,  3/8' '  diameter  rods,  open  design  ionizer)  capable  of  unit  mass 
resolution  and  uniform  sensitivity  up  to  m/z  =  1400.  During  beam  operation  the 
pressure  in  the  mass  spectrometer  chamber  is  kept  below  5  x  10'^  torr. 

For  the  metal  hexa carbonyl  experiments  (section  C-2-d)  a  different  beam 
apparatus  is  used.  Helium,  seeded  with  an  appropriate  metal  carbonyl 
compound  at  its  room  temperature  vapor  pressure  (typically  a  few  hundred 
mlbrr).  is  admitted  into  the  low-volume  stagnation  region  of  a  Newport  BV-100 
pulsed  molecular  beam  valve  fitted  with  an  end  plate  having  a  0.5  mm  diameter, 
30°  conical  aperture.  Metal  hexa  carbonyl  van  der  Waals  complexes  are  then 
formed  In  the  free-jet  expansion  of  the  pulsed  beam  of  seeded  helium.  Operation 
of  the  valve  at  1  Hz  leads  to  maximum  chamber  pressures  of  about  3  x  10'®  Tbrr. 
The  cluster  beam  pulse  is  directed  axially  into  the  ion  source  of  a  Dycor  M200M 
quadrupole  mass  spectrometer,  where  it  is  intersected  by  the  focused  output 
from  a  Lambda  Physik  EMG  150  excimer  laser,  operated  on  the  KrF*  transition  at 
a  pulse  energy  of  ca.  100  mJ. 


C)  Results  and  Discussion 
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1)  Stabilizing  an  Unstable  Reagent  within  a  Cluster 
al  1 .1  -Difluoroethane  Clusters24 

The  dominant  reactive  process  which  occurs  within  the  majority  of  cluster 
ions  (Mn_iM+,  where  M  is  the  monomeric  unit)  consists  of  a  bimolecular 
reaction  between  the  monomer  cation  and  one  of  the  neutral  solvent  molecules 
generating  a  protonated  cluster  ion  via  ejection  of  a  neutral  radical  (R).  This 

Mn-2 1  M  +M+1  —  +  R  (1) 

class  of  reactions  has  been  well  studied  in  a  variety  of  bimolecular  gas  phase 
experiments  and  is  observed  to  occur  for  a  wide  range  of  molecules.  In  most 
cases  this  reaction  is  highly  exoergic  and  quite  facile.  Therefore,  a  molecular 
cluster  mass  spectrum  is  dominated  typically  by  the  appearance  of  cluster  ions 
with  the  general  empirical  formula  Mn.jH+. 

However,  for  many  organic  molecules,  upon  electron  impact  ionization,  the 
parent  ion  is  not  observed  mass  spectroscopically.  That  is,  the  ground  state 
cation  (M+)  is  thermodynamically  unstable  with  respect  to  fragmentation.  In 
such  cases  the  mass  spectrum  is  then  composed  solely  of  fragment  ions,  and 
identification  of  this  molecule  must  be  made  by  the  characteristic  fragmentation 
pattern. 

The  mass  spectrum  of  1,1 -difluoroethane  (DFE)  represents  Just  such  a  case. 
Since  the  parent  ion  is  unstable,  we  would  expect  that  the  protonation  reaction 
(reaction  1)  not  to  occur  within  the  DFE  cluster  ion,  since  the  parent  ion  does 
not  survive  long  enough  to  react  with  one  of  the  solvating  monomers.  Hence, 
the  cluster  mass  spectrum  of  DFE  should  have  a  complete  absence  of  peaks  with 
the  formula  Mn_jH+  and  be  composed  solely  of  solvated  fragment  ions.  Figure  1 
shows  a  100  eV  mass  spectrum  of  DFE  clusters  as  a  function  of  cluster  size  and 
process  channel  {l.e.,  channel  1:  Mn_ \ CH3CFH "V/oss  of  F)  ,  channel  2:  Mn_ 
lC2H3F+floss  of  HF)  ,  channel  3:  Mn_iC2H3F2+tfoss  of  H),  and  channel  4: 
Mn-lH+).  We  see  in  Figure  1  that  in  addition  to  the  expected  fragmentations 
(channels  1-3)  another  sequence  of  peaks  which  have  the  empirical  formula  of 
Mn_iH+  appear  at  n  >  4  and  continue  to  become  progressively  prominent  with 
increasing  cluster  size.  This  is  in  direct  contrast  to  the  three  fragment  channels 
which  monotonlcally  decrease  with  increasing  cluster  size. 

As  Jungen  and  co-workers  point  out30,  a  parent  ion  might  be  observed  as  a 
metastable  ion  if  it  is  formed  in  the  Franck- Condon  region  of  the  neutral 
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molecule.  Thus,  If  the  parent  Ion  Is  generated  within  the  cluster,  the  presence  of 
solvating  molecules  may  stabilize  It  long  enough,  such  that  It  can  react  with 
one  of  the  neutral  monomers  via  reaction  1 . 

The  fact  that  the  protonated  cluster  Ions  only  appear  for  n  >  4  suggests  that 
M5+  Is  the  minimum  ‘critical’  size  necessary  for  stabilizing  the  monomer  ion  (i.e.. 
In  the  absence  of  any  monomer  evaporation).  Since  monomer  evaporation  Is 
expected  to  occur  (see  next  section),  the  true  ‘critical’  size  must  remain  in 
question.  However,  we  can  make  the  the  qualitative  conclusion  that  the 
unstable  reagent  cation  Is  being  stabilized  within  the  cluster  long  enough  so  It 
ran  undergo  reaction  1  with  a  solvating  monomer.  We  hope  to  further  study 
other  fluorlnated  hydrocarbon  systems  In  order  to  better  understand  the 
systematics. 

2)  Providing  New  Chemical  Pathways 
a)  Ammonia  Clusters27 

The  ammonia  cluster  mass  spectrum  has  been  widely  studied10,1  ^  and  is 
dominated  by  two  sequences  of  peaks  with  the  empirical  formula  (NH3)n_iNH3+ 
and  (NH3)n.iNH4+,  corresponding  to  the  already  discussed  protonation 
reaction  (reaction  1).  Careful  study  of  the  mass  spectrum  also  reveals  another 
series  of  peaks  which  at  first  glance  appears  to  have  the  empirical  formula 
(NH3)n_iNH2+-  That  is,  they  result  from  the  process  of  the  fragmentation  of  a  N- 
H  bond  In  the  NH3+  cation,  generating  the  NH2+  fragment  Intact  within  the 
cluster 

A  plot  of  the  relative  intensities  of  the  (NH3)n_jNH2+  ions  as  a  function  of 
cluster  size  (n)  is  shown  in  Figure  2,  for  a  variety  of  experimental  conditions.  A 
magic  number,  corresponding  to  an  enhancement  In  the  cluster  ion  signal,  is 
clearly  observed  for  the  cluster  Ion  of  size  n=7  which  does  not  change  upon 
variations  In  the  electron  impact  eneigy  (100eV-40eV),  the  stagnation 
temperature  (T0 =253 -3 13  K),  or  the  stagnation  pressure  (P0=l-5  atm,  not  shown). 
We  feel  then  that  this  Intensity  distribution  is  due  solely  to  the  large  stability  of 
the  (NH3)gNH2+  cluster  ion. 

This  Is  a  very  surprising  result  In  that  magic  numbers10,1 1  usually  result 
from  the  closing  of  the  first  solvent  shell  around  the  central  cation.  For  example, 
to  the  case  of  the  protonated  ammonia  cluster  Ion,  n  =  5  Is  observed  to  be 
especially  stable  (l.e,  (NH3)4NH4+).  The  unique  stability  of  this  particular  cluster 
Ion  comes  about  from  the  hydrogen  bonding  of  4  NH3  molecules  directly  to  the 
central  NH4+  cation10,11.  We  may  now  ask,  If  the  central  cation  in  our  case  Is 
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Indeed  NH2+,  why  does  the  first  solvent  shell  closure  need  6  NH3  molecules? 
Why  wouldn't  2  or  even  3  ammonia’s  suffice? 

We  can  account  for  the  observed  size  dependence  of  the  (NH3)n.jNH2+ 
cluster  Ion  yield  if  we  assume  that  an  associative  lon-molecule  reaction  occurs 
between  the  nascent  NH2+  ion  and  an  adjacent  NH3  solvent  molecule  within 
the  cluster  of  the  form: 

NH2+  +  NH3  -  N2H5+  AH°  =  -4.52  eV31  (2) 

A  similar  (albeit  endothermic)  bimolecular  reaction  is  known  to  occur  between 
NH3+  and  NH3: 

NH3+  +  NH3  —  N2H5+  +  H,  AH0  =  1.12  eV3l  (3) 

at  a  rate  which  Is  about  0.1%  of  gas-kinetic.32  We  expect  the  barrier  for  reaction 
(2)  to  be  smaller  than  that  for  reaction  (3)  for  the  following  reasons.  First, 
within  the  context  of  the  Hammond  postulate,33  the  barrier  to  reaction  (2)  Is 
expected  to  occur  earlier  along  the  reaction  coordinate,  the  potential  surface  is 
expected  to  be  more  attractive,  and  the  transition  state  is  expected  to  more 
closely  resemble  the  reactants.  Second,  the  activation  energy  for  reaction  (2)  Is 
expected  to  be  lower  than  that  of  reaction  (3),  since  the  transition  state  for  (3) 
must  contain  at  least  one  highly  extended  N-H  bond  (correlating  with  eventual 
loss  of  the  product  H  atom).  By  analogy  with  other  associative  bimolecular 
reactions,  we  would  expect  the  activation  energy  for  reaction  (2)  to  be  small,  If 
not  negligible,  and  determined  to  a  great  extent  by  the  dipole-dipole  Interaction. 
We  might  therefore  expect,  based  on  differences  In  activation  energies  and 
Arrhenius  A  factors,  that  the  associative  reaction  (2)  will  proceed  at  a  rate 
significantly  greater  than  0.1%  of  the  gas-kinetic  rate. 

While  the  "naked"  (unclustered)  product  of  the  highly  exothermic  associative 
reaction  (2)  would  have  sufficient  internal  energy  to  undergo  subsequent  N-H 
bond  cleavage,  it  would  certainly  be  stabilized  through  solvation  by  additional 
NH3  molecules.  In  fact,  If  we  hydrogen-bond  five  NH3  solvent  molecules  to  the 
five  H  atoms  of  the  ^Hg*  product  Ion,  we  end  up  with  an  Ion  having  a 
completed  solvation  shell  with  the  anticipated  empirical  formula,  (NH3)gNH2+, 
The  proposed  (N^Jg^Hg+structure  Is  Illustrated  In  Figure  3.  This  cluster  ion 
has  a  total  of  seven  nitrogen  atoms  and  accounts  for  our  observation  of  a  magic 
number  at  n=7.  It  Is  expected  that  the  large  exothermicity  of  reaction  (2)  should 
enhance  this  magic  number  effect,  since  the  excess  heat  will  serve  to  "boll  off' 
the  loosely  bound  solvent  molecules  which  are  not  in  the  first  solvent  shell. 

This  is  an  Interesting  example  wherein  the  observation  of  magic  numbers  was 
necessary  to  elucidate  the  true  chemical  Identity  of  the  central  cation. 

As  shown  In  Figure  4,  If  we  reduce  the  nozzle  diameter  (250nm  vs.  50|im)  or 
change  the  expansion  mixture  (neat  NH3  vs.  3%  NH3  In  He)  the  magic  number 
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at  n=7  disappears! 34  An  explanation  for  this  effect  lies  in  that  conditions  of 
smaller  aperture  size  and  a  seeded  expansion  both  make  for  inefficient 
clustering.  The  distribution  of  neutral  cluster  sizes  will  be  concentrated  more 
toward  small  n.  This  would  certainly  suggest  that  the  (NH3)5N2H5+  cluster  ion 
was  originally  generated  from  an  extremely  large  neutral  cluster.  Following 
electron  Impact  to  form  the  NH2+  cation,  this  cluster  must  undergo  many 
successive  fragmentation /evaporation  processes,  until  finally  achieving  a 
structure  consisting  of  a  closed  solvent  shell  of  5  ammonia  molecules  hydrogen 
bonded  to  a  central  cation,  the  protonated  hydrazine. 

Inspired  by  this  result,  Buck,  Krohne  and  Linnartz35  have  performed  new 
experiments  which  involve  first  mass  selecting  their  neutral  ammonia  cluster 
beam  through  a  crossed  molecular  beam  expansion.  Their  work  indicates  that 
neutral  cluster's  of  n  >  25  are  necessary  in  order  to  observe  the  magic  number  for 
the  (NH3)4NH4+  cation.  This  new  result  demonstrates  the  significant  amount  of 
monomer  evaporation  which  can  occur  within  the  cluster  following  the  initial 
ionization/reaction  event, 

b)  Ethvlene  Clusters33 

The  ethylene  cluster  mass  spectrum  is  quite  simple  in  that  it  is  composed  of  a 
single  sequence  of  cluster  ions  with  the  formula  (C2**4)n+’  which  one  would 
naturally  attribute  to  the  unreacted  parent  cluster  ion.  Figure  5  shows  the 
intensity  distributions  of  this  sequence  of  cluster  ions,  (C2H4)n+  as  a  function 
of  nozzle  temperature.  We  observe  that  at  decreased  nozzle  temperature  (or 
Increased  stagnation  pressure,  1 .5-3.5  atm)36  a  very  pronounced  magic  number 
appears  for  the  empirical  formula  (C2H4)4+. 

This  observation  of  n=4  being  a  magic  number  only  under  certain 
expansion  conditions  is  difficult  to  explain  solely  in  terms  of  stabilities  of  either 
the  neutral  or  ionic  parent  ethene  clusters.  In  the  previous  discussion  of 
ammonia  clusters,  a  closed  solvent  shell  hydrogen  bonded  to  a  central  cation 
was  the  driving  force  for  the  appearence  of  a  magic  number.  In  a  system,  such  as 
ethylene,  where  hydrogen  bonding  does  not  play  a  significant  role,  the 
observation  of  pronounced  magic  numbers  is  not  expected  since  the  distribution 
of  neutral  clusters  is  produced  by  processes  which  are  essentially  statistical  in 
nature  (i.e.,  why  should  the  cluster  ion  be  so  stable?).  There  would 

seem  to  be  no  a  priori  reason  to  predict  that  any  particular  ethylene  cluster  size 
should  be  extraordinarily  stable.  If  magic  numbers  were  observed  in  such  a 
system,  it  seems  logical  that  the  thermodynamic  stabilities  of  the  daughter  ion 
cluster  or  neutral  cluster  parent  would  not  be  the  controlling  factors. 
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High  pressure  mass  spectroscopy®?  has  shown  that  the  C2H4+  cation 
undeigoes  an  exothermic  condensation  reaction  with  a  neutral  C2H4  molecule 
to  form  a  branched  C4Hq+  cation.  This  new  C4Hg+  cation  can  then  undeigo 
successive  reactions  with  additional  C2H4  molecules  to  form  a  larger  and  larger 
branched  cation  with  the  general  formula  The  rate  of  each  successive 

condensation  reaction  decreases  rapidly  as  the  extent  of  the  branching  of  the 
product  cation  Increases  and  has  been  attributed  to  steric  effects.®? 

We  now  speculate  that  the  ethylene  cluster  ions  we  observe  represent  the 
products  of  a  similar  series  of  Intracluster  condensation  reactions.  The 
observation  of  the  magic  number  at  n  =  4  (under  expansion  conditions  which 
create  extensive  clustering)  is  therefore  due  to  the  formation  of  the  CgHjg+ 
molecular  Ion  generated  via  a  series  of  succesive  ion-molecule  reactions  within 
the  cluster.  Since  these  condensation  reactions  are  exothermic®®  we  would  then 
also  expect  extensive  evaporation  of  unreacted  monomers  (as  seen  before  with 
the  ammonia  system). 

In  summary,  neutral  (C2H4)n  clusters  with  n  >  4,  following  ionization  via 
electron  impact,  react  to  give  primarily  CqHjq+  as  shown  In  reaction  (4). 

<c2H4>n-lC2H4+  -  <c2H4>n-2tC4H8+r  -  <C2H4)n.3[C6H12+l* 


-  CbH16*  +  n-4  (C2H4)  (4) 

The  Intensity  of  these  ions  would  then  be  expected  to  Increase  as  the 
distribution  of  the  neutral  ethylene  clusters  grows  larger  (i.e.,  as  either  T0  j  or 
PQ  t  :  n  t  )•  The  prominent  peak  at  n  =  4  represents  a  balance  between  two 
competing  effects:  the  larger  the  cluster  the  greater  the  probability  of  reaction  4, 
however,  as  the  cluster  size  Increases  the  rate  constants  of  each  individual  step 
decrease.  This  Is  a  new  interpretation  In  that  this  particular  magic  number  is 
attributed  not  to  a  central  cation  solvated  by  neutral  monomers  but  rather  due 
to  the  generation  of  a  new  molecular  ion. 

c)  Ar-Methanol  Cluster 

For  neat  methanol  expansions  or  He-seeded  methanol  expansion,  the  cluster 
mass  spectrum  looks  exactly  the  same,  a  single  sequence  of  peaks  with  the 
formula  (CHgOHJjjH*  resulting  from  the  Intracluster  protonation  reaction  which 
was  discussed  previously  (reaction  1 ).  However,  with  an  Ar-seeded  methanol 
expansion  we  see,  in  addition  to  that  sequence  of  peaks,  a  multitude  of  others. 
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which  become  more  prominent  at  low  electron  energy  (<  20  eV)  and  are  shown  in 
Figure  6.  Most  of  these  new  peaks  are  attributed  to  cluster  ions  of  the  formula 
Arn(CH3<I)H)m+,  cluster  ions  in  which  the  protonation  reaction  doe*  not  occur. 

It  is  interesting  to  note  that  the  sequence  of  peaks  with  the  general  formula 
Arn(CH30H)+  is  the  only  heteroclutser  sequence  which  exhibits  a  series  of 
fragment  peaks  (ie.  ArnCH20H+,  ArnCH20+,  ArnCHOH+  etc.).  Intrlguingly 
enough  the  appearence  potentials  (AP)  for  all  of  these  cluster  ions  fall  in  the 
same  region  (1 1.3eV-l  1.8eV)  which  we  take  as  an  indication  that  these 
fragments  arise  from  similar  precursors. 

For  this  particular  heterocluster  a  laige  difference  exists  between  the 
ionization  potentials  of  the  two  components  (i.e.,  IPiCI^OH)  =  10.85  eV  vs. 

DP(Ar)  =  15.76  eV).  In  such  a  case,  at  electron  energies  below  the  IP(Ar)  one 
would  expect  direct  vertical  ionization  of  the  methanol  component.  In  other 
heterocluster  systems,  workers40-41  have  proposed  that  the  ionization  of  the 
molecular  component  of  an  aigon-heterocluster  is  mediated  by  the  aigon.  That 
is,  for  the  case  of  low  electron  energies,  the  Ar  is  first  electronically  excited  (via 
electron  impact)  and  this  excitation  energy  is  subsequently  transferred  to  the 
molecular  component  via  ‘intracluster  Penning  ionization’.  After  the  ionization, 
any  excess  energy  can  then  go  to  promote  fragmentation  of  the  methanol  ion. 

We  feel  that  our  measured  AP’s  can  be  taken  as  strong  evidence  for  the  direct 
participation  of  an  excited  state  of  Ar  (3P  2,o:  1 1  55  eV)  resulting  in  the  eventual 
ionization  of  the  argon / methanol  clusters.  This  represents  the  first  time 
Intracluster  Perming  ionization  has  been  identified  using  electron  impact 
measurements.  Regardless  of  the  details  of  the  ionization  mechanism,  it  is 
apparent  that  the  chemistry  of  the  molecular  components  in  Ar/CH^OH 
heteroclusters  is  substantially  altered  relative  to  that  of  neat  CH3OH  or 
He/CH30H  expansions  due  to  the  direct  mediation  of  the  Ar  atom. 

d)  Metal  Hexacarbonvl  Clusters  28 


Van  der  Waals  clusters  of  M(CO)g  (M=Mo,  W)  generated  in  the  free-Jet 
expansion  of  a  pulsed  beam  of  seeded  helium  are  subjected  to  multiphoton 
ionization  (MPI)  and  the  product  ions  analyzed  by  quadrupole  mass  spectro¬ 
metry.  These  species  are  of  fundamental  significance  in  our  understanding  of 
metal-metal  and  metal-ligand  bonding  interactions,  and  can  serve  as  models 
for  the  study  of  catalysis  and  surface  phenomena.  Studies  of  the  effects  of 
cluster  size  and  structure  on  reactivity  of  transition  metal  carbonyl  clusters  can 
provide  us  also  with  the  necessary  database  to  test  and  refine  our  theories 
concerning  the  chemistry  and  physics  of  bulk  metals. 
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The  multiphoton  dissociation  and  ionization  dynamics  of  mononuclear  and 
covalently  bound  multinuclear  transition  metal  carbonyls  is  well  understood: 
initial  multiphoton  dissociation  (MPD)  of  the  metal  carbonyl  results  in  complete 
ligand  stripping,  leaving  behind  a  naked  metal  atom  which  is  subsequently 
photoionized.  Consequently,  the  248  nm.  MPI  mass  spectrum  for  the  M(CO)g 
monomer  is  dominated  almost  exclusively  by  the  M+  cation  signal. 

On  the  other  hand,  the  multiphoton  photophysics  of  van  der  Waals 
complexes  of  transition  metal  carbonyls  is  not  so  thoroughly  characterized. 
Indeed,  for  MPI  of  {M(CO)g}n  clusters,  we  observe  not  only  the  production  of  M+ 
but  the  oxide  ions;  MO*  and  MC>2+.  Observing  the  production  of  these  ions  as  a 
function  of  laser  intensity  reveals  that  the  yield  of  M+  depends  on  the  square 
root  of  laser  intensity,  while  the  yields  for  both  of  the  oxide  ions  are  found  to  be 
nearly  independent  of  laser  intensity  (6-210  mJ).  This  strongly  suggests  that 
the  mechanism  leading  to  production  of  M+  remains  sensitive  to  laser  Intensity 
over  the  range  of  intensities  investigated,  while  the  mechanism  leading  to 
production  of  the  metal  oxide  ions  is  nearly  saturated  within  this  range  of 
intensities.  Therefore,  we  conclude  that  we  are  probably  observing  two  distinct 
processes.  The  first  is  a  multiphoton  dissociation  within  the  cluster  leading  to  a 
bare  metal  atom  which  is  subsequently  ionized  via  MPI,  generating  the  M+  ion 
signal.  The  second  process  is  a  photochemically  induced  intracluster  reaction 
leading  to  oxomolybdenum  ions. 

We  propose  that  a  novel  binudear  adduct  arises  thru  an  intracluster  reaction 
and  that  the  oxide  ions  arise  thru  subsequent  photoionization  and 
fragmentation  of  that  adduct.  That  is,  within  the  cluster,  the  photogenerated 
metal  atom  can  associate  with  the  ligands  of  an  adjacent  metal  carbonyl 
"solvent"  molecule.  We  therefore  propose  on  the  basis  of  orbital  symmetry 
considerations,  that  the  nascent  metal  "photoatom"  interacts  with  a 
neighboring  metal  carbonyl  "solvent  molecule"  via  two  such  bridging  carbonyls 
to  form  a  stable  six  member  structure.  Then  through  back-donation  of  metal  d^y 
electron  density  to  the  empty  71*  MO's  of  the  carbonyl  ligands,  the  2  C-O  bonds 
weaken  and  break,  eventually  resulting  in  the  observed  oxide  ion  formation. 

However,  we  find  no  evidence  of  such  behavior  in  the  Cr(CO)g  system.  Based 
on  these  results  for  the  group  VI  B  hexacarbonyls,  we  suggest  that  the 
reactivity  within  clusters  of  first-row  transition  metal  atoms  is  fundamentally 
different  from  that  of  second-  or  third-row  metals  and  is  determined  by  the 
occupancy  and  relative  size  of  the  metal  d  orbitals.  Based  on  our  model  we 
would  predict  that  the  intracluster  reaction  between  a  photogenerated  metal 
atom  and  an  adjacent  M(CO)g  cluster  molecule  depends  explicitly  on  the 
efficient  overlap  of  the  relevant  molecular  orbitals.  For  Cr,  the  small  d  orbital  on 
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the  metal  makes  for  poor  overlap  with  Ihe  carbonyl  ligands,  hence  the  lack  of 
reactivity.  This  model,  which  invokes  different  modes  of  CO  coordination,  may 
have  Important  Implications  for  the  study  of  catalysts. 

3)  Stabilizing  an  Unstable  Intermediate  within  a  Cluster 

a)  Dimethyl  Ether  Clusters25-26 

The  bottom  panel  of  Figure  7  shows  a  typical  70  eV  electron  Impact  mass 
spectrum  for  (CH30CH3)n  clusters  extending  from  the  dimer  to  the  trimer.  In 
addition  to  the  expected  protonated  cluster  peaks  there  are  other  peaks 
corresponding  to  the  hydronlum  ion  (which  has  been  reported  previously25) 
and  protonated  methanol  Ions,  solvated  by  2  dimethyl  ether  (DME)  molecules. 
This  sequence  of  cluster  peaks  is  observed  throughout  the  entire  cluster  mass 
spectrum. 

It  is  interesting  to  note  that  while  the  CH3+  (loss  of  CHgO)  &  CH3<I)CH2+ 
(loss  of  H)  fragment  cations  are  extremely  Intense  In  the  monomer  mass 
spectrum  of  DME  (~  54%  of  all  ion  intensity),  the  same  cluster  cations  are 
substantially  reduced  In  Intensity  (i.e.,  (DME)nCH3+  &  (DME)nCH30CH2+)-  We 
speculate  that  this  is  due  to  the  fragments  being  consumed  by  a  chemical 
reaction  within  the  cluster.  A  likely  candidate  is  the  lon-molecule  reaction  of 
the  fragment  cations  with  a  neutral  DME,  within  the  cluster,  to  form  a 
trimethyloxonium  cation  Intermediate.  This  type  of  ion-molecule  reaction  has 
been  previously  observed  by  Harrison  and  Young  through  the  use  of  a  tandem 
mass  spectrometer42.  The  newly  formed  trimethyloxonium  cation  may  then 
undergo  a  rearrangement  to  form  the  observed  products.  This  reaction 
mechanism  is  Illustrated  In  Figure  7. 

The  mechanism  is  similar  to  that  observed  for  the  decomposition  of  DME 
over  zeolite  catalysts,  van  Hooff,  et  ai.43  observed  that  conversion  of  DME  over 
a  zeolite  catalyst  produced  ethylene  and  propene  as  primary  olefins.  To  account 
for  their  results  they  Invoked  a  trimethyloxonium  Intermediate  as  the  common 
Intermediate  for  the  observed  products.  We  therefore  speculate  that  the  DME 
cluster  reactions  leading  to  the  same  products  should  involve  the  same 
mechanism  found  to  occur  on  zeolite  catalysts.  That  Is,  within  the  stabilizing 
environs  of  a  cluster,  the  trimethyloxonium  cation  may  Internally  rearrange 
where  it  then  forms  protonated  methanol  (via  elimination  of  ethylene)  or 
protonated  water  (via  elimination  of  propene). 

This  analogous  process  has  previously  been  reported  for  the  collisional 
activation  of  the  monomer  (CH3)3<3+  ion44.  However  recent  additional  work 
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appears  to  be  at  variance  with  that  original  result45.  This  variance  we  feel  is 
due  to  the  thermodynamic  Instability  of  the  bare  (0113)30 +.  For  the  isolated 
(CH3)30+,  unimolecular  dissociation  can  now  effectively  compete  with  the 
rearrangement  reaction,  and  only  simple  methyl  loss  is  observed.  However, 
within  the  solvating  environs  of  a  cluster  (or  a  zeolite  surface),  this  unstable 
Intermediate  may  be  stabilized  on  a  long  enough  time  scale  to  now  allow  It  to 
undergo  this  rearrangement  reaction,  to  then  form  the  observed  products. 

b)  PhotQdissociation  of  Cr(CO)£  within  a  Methanol  Cluster46 

It  is  well  known  that  248  nm.  multiphoton  ionization  (MPI)  of  gas  phase 
Cr(CO)g  monomer  results  primarily  In  the  formation  of  the  Cr+  cation.  This 
phenomon  occurs  due  to  the  metal  hexacarbonyl  first  absorbing  2  or  3  photons 
and  then  undergoing  MPD  causing  the  metal  center  to  lose  all  6  CO  ligands, 
with  the  excited  bare  metal  atom  being  subsequently  photoionlzed.  Tyndall  and 
Jackson47  have  proposed  the  following  scheme  for  sequential  photo- 
dlssoclatlon  at  248  nm  under  collisionless  conditions: 

Cr(CO)6  +  hv  — >  Cr(CO)4*  +  2  CO  (5a) 

Cr(CO)4*  +  hu  — >  CnCO)2  +  2CO  (5b) 

They  also  described  a  direct,  non-sequential  process  In  which  Cr(CO)6  is  excited  Into 
a  dissociative  continuum  via  two-  or  three-photon  absorption,  giving  rise  to  several 
excited  states  of  atomic  chromium: 

Cr(CO)6  +  (*  2  hv)  — >  Cr*  +  6  CO  (6) 

which  Is  apparently  Important  at  higher  fluences. 

This  is  not  the  case  In  solution48,  where  the  Cr(CO)6  undergoes  single 
ligand  loss  to  generate  CriCOJg.  Results  from  transient  visible  absorption 
experiments  are  consistent  with  the  following  scheme  for  the  photodissociation 


of  Cr(CO)0  in  solution: 

Cr(CO)6  +  hu  — >  Cr(CO)6*  (7) 

Cr(CO)6*  — >  Cr(CO)5*  +  CO  (8) 

Cr(CO)5*  +  S  —  >  S«Cr(CO)5*  (9) 

S*CrtCO)5*  —  >  S*Cr(CO)5  (10) 


where  S  denotes  a  solvent  molecule  and  the  asterisk  denotes  an  Internally  excited 
species. 

lb  probe  the  Intermediate  regime  between  the  two  extremes  of  gas-phase  and 
solution  behavior,  we  decided  to  study  the  248  nm.  MPI  mass  spectrum  of 
Ct(CO)q  solvated  within  a  cluster.  In  particular,  we  wished  to  observe  the 
photodynamics  of  the  SnCr(CO)g  species,  where  the  S  stands  for  a  methanol 
molecule.  To  do  this  we  first  bubbled  the  He  carrier  gas  through  a  reservoir 
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containing  methanol,  before  passing  this  gas  over  the  solid  CrfCOJg.  We  then 
expanded  the  resulting  mixture  through  the  same  pulsed  valve  used  before,  but 
now  employing  a  newly  constructed  time- of- flight  mass  spectrometer  (TOFMS) 
which  has  expanded  considerably  our  mass  range. 

The  MPI  spectrum  is  shown  in  Figure  8a  and  is  clearly  much  more  complex 
than  one  might  first  expect.  The  plethora  of  ion  peaks  can  be  ascribed  to  a 
general  empirical  formula  Sn{Cr(CO)x}+  where  again  S  is  the  CH3OH  molecule 
and  x  s  0,1, 2,5, 6.  Clearly  there  are  many  more  species  here  than  just  the 
solvovta  Cr+  cation. 

The  major  sequence  of  cluster  ions  (SnCr(CO)x+  (x  =  0,1,2)],  we  feel  are 
formed  first  via  a  two-photon  dissociation  of  the  SnCr(CO)g  to  give  as  a 
primary  excited  neutral  photoproduct  SnCr(CO)4*.  Following  this 
photodissociation,  there  is  an  additional  two -photon  nonresonant  ionization 
of  the  SnCr(CO)2*,  to  then  give  SnCr(CO)2+.  as  well  as  SnCr+,  and  SnCr(CO)+. 

The  second  sequence  of  cluster  ions  with  the  empirical  formula,  SnCr(CO)x+ 
(x  =  5,6)  are  framed  first  via  a  two -photon  Ionization  of  SnCr(CO)6  giving  rise 
to  the  excited  ion,  Sn(Cr(CO)6*]+.  This  energized  cluster  ion  may  then  relax,  in  a 
liquid-like  fashion,  by  V-V  energy  transfer  to  the  methanol  ‘bath’  molecules,  to 
give  the  Sn[Cr(CO)6]+  cluster  ion.  In  addition,  there  is  also  a  second  competing 
relaxation  process  which  is  dissociation  of  a  single  CO  ligand,  to  form 
SnCr(CO)5+. 

lb  test  this  hypothesis  further  we  again  looked  at  the  248  nm.  MPI  TOFMS 
of  Cr(CO)g  but  now  complexed  with  deuterated  methanol.  As  shown  in  Figure 
8b  we  observe  a  series  of  peaks  which  can  again  be  given  the  general  formula 
Sn{Cr(CO)x}+,  but  now  for  x  =  0,1, 2, 6  (i.e,  the  sequence  corresponding  to 
Sn{Cr(CO)5)+  is  absent).  This  change  in  the  MPI  mass  spectra  of 
Cr(C0)6/CH30H  clusters  and  Cr(C0)6/CD30D  clusters  we  attribute  to  the 
differing  efficiencies  of  CH3OH  and  CD3OD  for  relaxation  of  the  excited 
ICrfCOJg*]4  photoions  through  intracluster  V-V  energy  transfer.  It  would 
appear  that  with  CD3OD  the  isotopic  shift  in  vibration  frequencies  now  allows 
for  efficient  V-V  energy  transfer,  thereby  allowing  easy  stabilization  of  the 
excited  nacent  photolon  and  only  {CD30D}nCr(CO)g+  is  observed. 


15 


D)  Future  Directions 

The  examples  just  discussed  represent  a  sampling  of  the  new  cluster 
chemistry  which  we  have  recently  observed  and  which  can  also  occur  within 
multiply  charged  cluster  ions  as  well49.  We  feel  this  is  only  the  beginning  In 
terms  of  the  new  chemistry  which  can  be  discovered  within  clusters.  New 
experimental  directions  we  hope  to  employ  in  the  near  future  include  the  use  of 
mass  selected  cluster  beams  to  directly  observe  cluster  reaction  dynamics,  and 
to  spectroscopically  probe,  via  laser  Induced  flourescence,  the  internal  states  of 
the  radical  product  generated  via  these  cluster  reactions. 
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Figure  Captions 


Figure  1 :  Bar  graph  representing  percent  yield  of  daughter  cluster  Ion  as  a 
function  of  cluster  ion  size  (n)  and  process  channel  at  100  eV  electron  impact 
energy.  Note  how  all  three  of  the  fragmentation  channels  decrease  as  a  function 
of  n  (channel  1:  87%-*43%,  channel  2:  8%-»3%,  channel  3:  5%-*2%)  while  the 
cluster  reaction  channel  (channel  4)  increases  with  n  (0%-»52%). 

Figure  2:  Intensity  of  (NH3)n.jNH2+  vs.  cluster  size,  as  a  function  of  electron 
Impact  energy  (T0  =  273K,  PD  =  1  atm)  and  as  a  function  of  stagnation 
temperature  (70  eV,  Pc  =  1  atm).  Note  the  prominent  magic  number  at  n  =  7 
(reprinted  with  permission  from  ref.  27). 

Figure  3:  Proposed  structure  for  (NH3)qNH2+  cluster  ion.  This  species  is  the 
most  prevalent  of  all  cluster  ions  in  the  series,  (NH3)n.jNH2+.  and  is  believed  to 
be  a  protonated  hydrazine  molecule  surrounded  by  one  complete  solvation  shell 
of  neutral  ammonia’s  hydrogen  bonded  to  the  central  cation  (reprinted  with 
permission  from  ref.  27). 

Figure  4:  Ion  intensity  of  (NH3)n_jNH2+  vs.  cluster  size  as  a  function  of 
expansion  conditions  using  70  eV  electron  impact:  a)  nozzle  size  (using  neat 
ammonia),  b)  expansion  seeding  (nozzle  =  250^m).  Note  the  loss  of  the  magic 
number  at  n=7  for  expansion  conditions  which  restrict  clustering. 

Figure  5:  (C2H4)n+  ion  intensity  as  a  function  of  nozzle  temperature:  PD  =  1.5 
atm,  nozzle  diameter  =  250  jun,  electron  energy  =  70  eV  (reprinted  with 
permission  from  ref.  36). 

Figure  6:  Raw  mass  spectrum  from  50-275  amu  for  an  Ar-CH30H  cluster 
expansion  at  two  different  electon  Impact  energies.  Single  peaks  are  assigned  by 
the  pair  of  numbers  n,m  ;  corresponding  to  the  empirical  formula 
Arn(CH30H)m+.  Fbr  peaks  which  occur  in  definite  sequences,  the  number  above 
the  peak  corresponds  to  n,  (l.e.,  for  either  MnH+  or  ArnM+,  where  M  =  CH3OH). 
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Figure  7:  Proposed  reaction  mechanism  for  observed  cluster  Ions  generated 
through  a  common  trimethyloxonium  intermediate.  Mass  spectrum  at  bottom  Is 
for  neat  dimethyl  ether  cluster  at  70  eV  from  dimer  to  trimer  (80  to  140  amu). 
Major  ion  peaks  are  Identified  by  their  empirical  formulas  (M  =  (CH3)20). 

Figure  8a:  248  nm.  TOFMS  from  240-470  amu  for  Cr(C0)g-CH30H  cluster 
expansion.  Number  above  assigned  peaks  corresponds  to  number  of  methanol 
molecules  (n,  where  S  =  CH3OH)  complexed  with  the  Cr(CO)x+  fragment  (x 
=0.1 ,2,5.6). 

Figure  8b:  248  nm.  TOFMS  from  240-470  amu  for  Cr(C0)g-CD30D  cluster 
expansion.  Number  above  assigned  peaks  corresponds  to  number  of  methanol 
molecules  (n,  where  S  =  CH3OH)  complexed  with  the  CrlCO^4  fragment 
(x=0,l,2).  Peaks  corresponding  to  SnCr(CO)g+  appear  as  trailing  shoulders  on 
the  the  more  Intense  peaks  assigned  to  SnCr(CO)2+.  Note  how  there  are  no 
peaks  assigned  for  x  =  5,  which  If  present  would  appear  midway  between  the 
SnCr(CO)+  and  SnCr+  peaks. 
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